The incorporation of carbon (C) as an alternative ptype dopant to beryllium (Be), zinc (Zn), or magnesium (Mg) in GaAs devices has attracted wide attention because of the low atomic diffusivity of carbon. Commonly used doping precursors in metallorganic chemical vapor deposition (MOCVD), produce dopants which act as fast diffusers or display memory effects. In growth by (MBE), Be shows a strong concentration dependent diffusion coefficient which can result in nonabrupt profiles. ' The ability to obtain abrupt p-type doping profiles and p-type delta doping, has been demonstrated with both metalorganic molecular beam epitaxy (MOMBE) and MOCVD from either external2 or intrinsic C sources.3 Additionally, the hole mobilities reported for heavily C-doped epilayers are at least 30% higher than generally observed with heavily Be and Zn doped GaAs.4*5 However, at the higher C concentrations ( -5 X 1019 cm -3, there appears to be a discrepancy between the amount of C present within the layer, as measured from SIMS, and the amount of C which is electrically active, as determined with Hall effect measurements.6 Consequently, these measurements suggest that a fraction of the C atoms in the sample is either selfcompensating or occupies neutral interstitial sites. Although annealing studies performed on samples with C ~lO** cmB3 showed no evidence of interstitial diffusion behavior,7 it was recently shown that at least 25% of the total C concentration can occupy interstitial sites* in samples grown by MOMBE with hole concentrations -6 X lOi cme3.
One important application for a thin heavily C-doped layer is as the base region of a heterojunction bipolar transistor (HBT) device. The lower resistivity of the C-doped layer is expected to improve the high-frequency characteristics of the device. If interstitial C in as-grown layers results in enhanced diffusion at growth temperatures, then an abrupt p-n junction would be unlikely. If, moreover, the presence of interstitial C results in a nonabrupt emitterbase heterojunction, an increase in the space-charge recombination at the emitter base can be expected. Previous doping studies on heavily C-doped samples grown by MOMBE were only performed on "delta-doped" GaAs.3 These experiments do not address issues involving p-n junctions, such as Fermi-level pinning effects,' which contribute to redistribution of interstitial dopants. Reports on Be-doped GaAs grown by MBE" and Zn-doped GaAs grown by MOCVD1**'2 have indicated that the redistribution of these dopants can occur during growth. This effect has been attributed to rapid diffusion of interstitials at the growth temperature. In order to determine the behavior of interstitial C, a set of GaAs n-i-p ' -i-n structures was grown by MBE using elemental Si, and C derived from trimethylgallium (TMGa), as the dopants.
All structures were grown in a MBE system with a base pressure of -5 x 10 -lo Torr. As, from a solid As source was used as a column V flux. Solid Ga supplied the column III flux for the growth of the (Si-doped) layers, as well as the unintentionally doped layers ( 1500 A). Growth of the p + layer (1OOOA) w as achieved by injecting TMGa while shuttering the solid Ga source.
The amount of C incorporating into the epitaxial layer was controlled by varying the As2 flux while maintaining a constant growth rate of 0.6 ,um/h. The V/III flux ratio was adjusted by lowering the As2 flux until a change in the reflection high-energy electron diffraction (RHEED) pattern occurred at a given growth rate. A V/III flux ratio of 1 was defined as the ratio of the minimum As, flux required to maintain an As stabilized growth surface to the fixed Ga flux which produced a growth rate of 0.6 pm/h. This was determined by observing a RHEED pattern transition from the As stabilized (2 X4) to the Ga stabilized (4x2) structure. The surface temperature, was maintained at 600 "C throughout the entire growth.
SIMS depth profiles were performed using a Cameca IMS 3f system with a Cs + primary beam and both negative and positive secondary-ion detection mode. Analysis of the C -ion is prone to matrix changes due to ionization effects at the interface of the p-n junction thus, additional data were obtained by acquiring AsC-ions which is less likely to suffer from this measurement artifact. A calibrated GaAs standard with a peak C concentration of 9.7 x lOI cm -~ 3 was used to quantify the total concentration of C in the as-grown sample. The Si concentration determined by SIMS was quantified with a GaAs wafer containing [Si] = 2~ 10's cm -'. Transmission electron microscopy (TEM) Plan-view specimens were prepared by chemically etching the wafer side of the sample and then ion milling at a shallow angle until perforation was obtained. Figure 1 shows the SIMS depth profile of an n-i-p + -i-n structure having a C concentration of 1 X 102' cm -3 in the P+ region. The uniformly p + C-doped layer is observed about 3000 A below the surface. The redistribution of C into the upper undoped an n regions is veritied by the presence of a C signal throughout these layers. The C signal drops to the SIMS background level (-1~ lo'* cm -3, within the layers below the heavily C-doped region. A slight accumulation of C in the upper regions can be seen by the increase in the C signal at the interface between the nominally undoped layer and the Si-doped region. The C buildup at this interface was further verified by the analyses of the AsC-signal. Contamination of the Ga and Si sources from the TMGa precursor is an unlikely explanation for the presence of C within the surface layers. If the sources were contaminated, the subsequent growth should exhibit a decaying C concentration signal. Instead, an increase in the C signal is observed which indicates that the C redistribution occurred during the growth. Furthermore, all samples were grown sequentially, and no evidence of residual C is observed in any of the layers grown prior to the p + -layers.
We note that if all the C was electrically active, the C concentration would be high enough to significantly compensate the surface n region. Unintentionally doped layers grown in this system with similar growth conditions all had n-type background concentrations of -5 X lOi cm -3 (as determined from Hall measurements). These results were independent of the presence of TMGa in the MBE growth chamber prior to the growths. To qualify whether the C is compensating the subsequent layers, electrochemical capacitance-voltage (Polaron) profiles were taken. Figure 2 shows the capacitance-voltage profile acquired from this sample. This profile shows that the C diffusing into the upper layers has changed the majority carrier concentration in the near surface n and undoped layers to p-type. Specifically, the upper undoped region has changed from -5X10i4 cm-j n type to -lX1019 cme3 P type. Furthermore, these data indicate that the C in the upper Si-doped layer is not simply compensating the electron carriers. Qualitatively, the electrical carrier concentration measured in the surface layer is much lower than would be expected from the total C concentration obtained by SIMS. This may indicate that the C is either self-compensating, by forming defects at the surface, or is occupying neutral-interstitial sites. Although TEM plan-view analysis of this sample did not show evidence of precipitates near the surface, microstructural defects were observed in all specimens C-doped higher than 10" cm -3; this may account for the "saturation" of carriers measured in this sample. Again, an asymmetry of the redistribution and a carbon buildup at the interface of upper Si-doped and undoped regions are observed in this profile. Note that the lower undoped and Si-doped regions which were grown previous to the heavily C-doped layer do not show any redistribution of either Si or C. A similar redistribution of C into both the upper undoped and Si-doped regions were observed in all samples having C concentrations >6X 1019 cme3. Redistribution was not observed, within experimental error, in samples with C concentrations of <2.5X 1019 cmm3. Furthermore, the electrochemical capacitance-voltage profiles indicate that the degree of compensation in these layers is consistent with the relative amount of C diffusing into the layer.
The C signal in the SIMS depth profile of GaAs n-ip ' -i-n structures shown in Fig. 1 clearly indicates that the redistribution of C into the upper n-type layer occurred during growth. On the other hand, the interpretation of the Si signal is complicated as a result of the C-diffusion profile observed in the upper undoped region. The Si signal in the upper undoped region is not due to an artifact of the SIMS measurement caused by ion mixing. As the Si level increased beyond 4X 10" cm -' the amount of Si diffusion into the undoped region also increases. Increasing the Si concentration of the n regions, while maintaining the C concentration at -7x lOI cm -3, did not have an effect on the relative amount of C redistributing into the upper layers. However, an increase in C content in the p region, for Si concentrations exceeding 5 X 10" cm -3, did increase the relative amount of C diffusing into both upper regions. These data are shown in Fig. 3 . The SIMS depth profiles imply that C redistribution is not dependent upon the Si concentration, but rather upon the total amount of C in the heavily doped region. The data also indicate that, within the resolution of the SIMS instrument, when the total C concentration is ~2 X lOI cm -3, there is no evidence of C diffusing into the upper layer. Which effect of the V/III flux ratio has on the amount of C redistributing could not be determined in this study since it would require a rapid change in the solid As cell temperature. At present, the mechanisms responsible for the anomalous redistribution of C during MBE growth utilizing TMGa as ap-dopant source are not fully understood. Similar redistributions have been previously reported for ptype Be-doped GaAs grown by MBE" and for Zn-doped GaAs grown by MOCVD, 11,12 and have been attributed to the presence of1o111 or the thermodynamically favored creation9'12 of interstitials during growth. The results of this study show that for C concentrations >6 X lOI cm -' the diffusion mechanisms are different from those observed when the C concentration is c 2 X 1019 cm -3. At very high concentrations the behavior of the C-doped layer is very similar to that of heavily Zn or Be-doped layers. This suggests that an upper limit exists for the total C concentration which can be practically employed because the incorporation or generation of interstitials changes the favorable diffusion properties previously reported for C-doped epilayers. Furthermore, capacitance-voltage measurements on these structures indicated that some of the C diffusing into the upper layers was electrically active. The redistribution behavior seen in this study suggests that the performance and reliability of HBTs grown by MBE using TMGa can be adversely affected when the C concentration in the base region is > 6~10'~ cmW3. However, preliminary results from similar structures grown by MOCVD using CC& show no evidence of C redistribution during growth in spite of the presence of interstitial C. 8P'3 In conclusion, we have demonstrated that the redistribution of C during the growth of GaAs n-i-p ' -i-n structures by MBE using TMGa as the intrinsic C source is possible. The redistribution towards the surface layers occurs at concentration > 6~ lOI cm -A and capacitancevoltage measurements indicate qualitatively that some fraction of the diffused C is electrically active.
